The solubility enhancement of diazepam and nitrazepam in water was analyzed depending on temperature and amount of α-cyclodextrin (α-CD), β-cyclodextrin (β-CD) and 2-hydroxypropyl-β-cyclodextrin (2-HP-β-CD). The interactions of drug-cyclodextrin in solution were investigated by the phase-solubility analysis. Diazepam (nitrazepam) content in aqueous complexation medium was analyzed UV spectrophotometrically. Classical solubility data were used to derive apparent stability constants (K 1:1 ) which were used to derive thermodynamic parameters for the diazepam (nitrazepam)-cyclodextrin complexes. Since all phase solubility plots were of A L-types, and calculated Slopes after linear regression analysis were found to be less than 1, it could be assumed that stoichiometry of the formed binary systems was , respectively. Formation of inclusion complexes substantially increases the water solubility of diazepam and nitrazepam. Diazepam and nitrazepam dissolution thermodynamics in aqueous 2-HP-β-CD were characterized by spontaneous and endothermic dissolution and hydrophobic interactions.
Introduction
Diazepam and nitrazepam are benzodiazepine drugs (Figure 1 ). They are commonly used for treating anxiety, insomnia and muscle spasms [1] . The solubility was found to be 1.6228 × 10 −4 mol·L −1 for diazepam, while the solubility of nitrazepam was 1.1554 × 10 −4 mol·L −1 , at 25˚C [2] . In liquid medical forms, diazepam and nitrazepam are available as oral solutions (0.4 mg or 1 mg of diazepam/mL solution and 1 mg nitrazepam/mL solution), as an oral suspension (0.5 mg or 1 mg of nitrazepam/mL suspension) and as a solution for injection (5 mg diazepam/mL solution for injection).
Cyclodextrins (CDs) are non-toxic cyclic oligosaccharides containing at least 6 D-(+)-glucopyranose units attached by α-(1,4) glucoside bonds ( Figure 2) . As a result of their molecular structure, with hydrophilic exterior surface and hydrophobic cavity interior, cyclodextrins possess a unique ability to form inclusion complexes with many drugs [6, 7] .
In aqueous solutions, cyclodextrins form complexes with many drugs through a process in which water molecules located in the central cavity are replaced by either the whole drug molecule, or more frequently, by some lipophilic portion of the drug structure (Figure 3) . Since no covalent bonds are formed or broken during the drug-cyclodextrin complex formation, the complexes are in dynamic equilibrium with free drug and cyclodextrin molecules [3] [4] [5] .
The objectives of the present work were to prepare aqueous solutions of diazepam and nitrazepam with α-cyclodextrin (-CD), β-cyclodextrin (β-CD) and 2-hydroxypropyl-β-cyclodextrin (2-HP-β-CD) and to investigate via phase-solubility analysis as were the interactions of these excipients on drug solubility under conditions favoring oversaturation. The value of the apparent stability constant (K 1:1 ) is used to compare the affinity of drugs for different CDs [6] . A more precise method for evaluation of the solubilizing effects of cyclodextrins is to determine their complexation efficiency (CE). The utility number (U CD ) greater or equal to 1 indicates that solubilization is adequately provided by complexation with the cyclodextrin tested. Many of the processes of pharmaceutical interest such as complexation can be described in terms of changes of the Gibbs free energy. The standard free energy change is releated to standard entalpy change and entropy change. Several driving forces have been proposed to be important for the specific affinity of ligand molecules (CDs) for the guest molecules (drugs) [7] .
Materials and Methods

Materials
Diazepam-(7-chloro-1, (Fluka, Chemika, Switzerland), β-cyclodextrin, M r = 1135 g·mol −1 (Fluka, Chemika, Switzerland), 2-Hy-droxypropyl-β-cyclodextrin of molar substitution (MS) 0.6, M r = 1383 g·mol −1 (Fluka, Chemika, Switzerland).
Phase Solubility Studies
Solubility measurements and the determination of saturation concentrations were carried out by adding excess amounts of diazepam and nitrazepam to water/cyclodextrin mixtures. Concentrations of these cyclodextrins were selected based on their solubility in water. Solutions with (w/w) (solubility more them 50%). Tables 1-6 ). The samples were shaken for 24 hours on thermostated shaking bath (BDL, Type: GFL 1083, Czech Republic), to reach equilibrium. Preliminary studies were carried out using different equilibration periods confirming that equilibrium was reached within 24 h. Longer equilibration did not result in increased diazepam and nitrazepam solubility. Undissolved diazepam and nitrazepam were visualised before and after the equilibrium was reached [6] . These phase solubility experiments were repeated at different temperatures (15˚C, 25˚C and 37˚C ± 0.1˚C). Table 2 . Solubility of diazepam in aqueous solutions depending on the concentration of β-CD at 15˚C, 25˚C and 37˚C ± 0.1˚C (n = 3). Table 3 . Solubility of diazepam in aqueous solutions depending on the concentration of 2-HP-β-CD at 15˚C, 25˚C and 37˚C ± 0.1˚C (n = 3). Table 4 . Nitrazepam solubility in different concentrations of α-CD at 15˚C, 25˚C and 37˚C ± 0.1˚C (n = 3). Table 6 . Nitrazepam solubility in different concentrations of 2-HP-β-CD at 15˚C, 25˚C and 37˚C ± 0.1˚C (n = 3). After reaching equilibrium, the samples (all suspendsions) were filtered through a 0.2 µm pore size membrane filter (Cellulose acetate filter, Sartorius, Germany). The concentrations of dissolved substances in water/ cyclodextrins mixtures were determined by absorption spectroscopy using Shimadzu UV-1601, UV-VIS spectrophotometer (Shimadzu, Japan) at 360 nm (diazepam), and 280 nm (nitrazepam) (Calibration curve for diazepam: concentration range: 15 -60 mg·L ( )
The changes in the solubility of diazepam and nitrazepam resulting from the addition of various concentrations of α-CD, β-CD and 2-HP-β-CD were used to plot phase-solubility diagrams and to evaluate the stoichiometry and apparent stability constants of the resultant complexes. The apparent stability constants (K 1:1 ) were estimated from the straight line of the phase solubility diagrams according to the following Equation of Higuchi and Connors [3, 6] :
where K 1:1 is the apparent stability constant (L·mol -1 ), S o is the saturation concentration of drug (diazepam or nitrazepam) in pure water, and Slope denotes the slope of the straight line. For 1:1 drug/cyclodextrin complexes the complexation efficiency (CE) can be calculated from the Slope of the phase-solubility diagram [3, 9] :
where [D/CD] is the concentration of dissolved drugcyclodextrin complex, [CD] is the concentration of dissolved free cyclodextrin and Slope is the slope of the phase solubility profile [19] . Complexation efficiency (CE) was determined by measuring the solubility of given drugs by 5 (for α-CD), 4 (for β-CD) and 6 (for 2-HP-β-CD) concentrations of respective cyclodextrin in water. Determination of CE is a simple method for quick evaluation of the solubilizing effects of different cyclodextrins. The CE was used to calculate the drug:cyclodextrin ratio (D:CD), which can be correlated to the expected increase in formulation bulk [9] :
In order to asses the efficacy of cyclodextrin as a complexing agent, the utility number (U CD ) was calculated according to Equation 4 [10]:
where K 1:1 is the apparent stability constant of a complex with 1:1 stoichiometry, S o is the intrinsic solubility of the drug, m D is the drug dose, m CD is the workable amount of cyclodextrin and molecular weights of cyclodextrin (M rCD ), and drug (M rD ).
Determination of Thermodinamic Parameters
The standard free energy of transfer ( tr ) represents the free energy of transfer of drug (solute) from pure water to cyclodextrin cavity. The values of Gibbs free energy change were calculated to understand transfer process of diazepam (nitrazepam) from pure water to aqueous solution of CDs. The tr value can be obtained using the following Equation:
in which S/S o is the ratio of molar solubility of drug in an aqueous solution of CD to that of molar solubility of drug in pure water [11] .
The thermodynamic parameters results proved the solubilization effect of the carrier (cyclodextrin) on the drug (diazepam, nitrazepam). The thermodynamic parameters, i.e. the standard free energy change ( ), the standard enthalpy change ( H Δ ) and the standard entropy change ( ), can be obtained from the temperature dependence of the apparent stability constant of the cyclodextrin complex [12] . The free energy of reaction is derived from the apparent stability constant using the relationship:
where K 1:1 is the apparent stability constant of a complex with 1:1 stoichiometry, R is equal to the gas constant, T is the absolute temperature. The enthalpy (ΔH) values of solubility were measured directly from the temperature dependence of the saturation concentration. The enthalpies of reactions can thus be determined from K 1:1 obtained at various temperatures using the van't Hoff Equation [13] . The H Δ values can be obtained from plot of log K 1:1 versus 1/T using the following relationship:
where the Slope will provide the enthalpy data [12] .
2.3
The standard entropy change ( ) for the complexation reaction can be calculated using the expression [13, 14] : Table 8 .
The aqueous solution of 2-HP-β-CD is most often a better solubilizer than β-CD and α-CD ( Table 8) . From our phase-solubility profile of diazepam with 2-HP-β-CD, the CE of 0.055 was calculated, indicating that approximately one of every 19 cyclodextrin molecules forms a complex with diazepam. The CE of nitrazepam with 2-HP-β-CD was calculated to be 0.026, indicating that approximately one of every 40 cyclodextrin molecules forms a complex with nitrazepam (25˚C ± 0.1˚C) [10] . Since all U CD values are less than 1 ( Table 8 ) the concentrations of selected cyclodextrins of 1% were not sufficient to achieved complete solubilization of 1 mg diazepam and nitrazepam/mL water. The concentration of 10% (w/w) 2-HP-β-CD would be required to dissolve 1 mg diazepam/mL of water (U CD = 1.07). For the same concentration of diazepam dissolved in water, it would be necessary to use 15% (w/w) of β-CD (U CD = 1.34), but the application of concentrations higher than 1.85% of this cyclodextrin are not possible due to its limited solubility in water [5] . The concentrations of 20% (w/w) 2-HP-β-CD (U CD = 1.03) and 25% (w/w) of β-CD (U CD = 5.1) would be adequate to dissolve 1 mg nitrazepam/mL of water (for preparation of aqueous solution). Parenterally diazepam is administered in the form of a solution. Usually, two milliliter (2 mL) solution for injection (1 ampoule) contains 10 mg of diazepam. For 2-HP-β-CD, maximum concentration of 40% (w/w) in the formulation solution is workable due to increasing viscosity with the increase in 2-HP-β-CD concentration, resulting in the workable amount of 800 mg 2-HP-β-CD per ampoule if the fill volume of 2 mL is used. We calculated U CD of 0.86 for diazepam/2-HP-β-CD, while for nitrazepam/2-HP-β-CD U CD was been 0.417 at 25˚C, when both drugs are administered in 5 mg/mL. Based on these results, the application of 2-HP-β-CD at a concentration of up to 40% would be useful in aqueous solutions of diazepam and nitrazepam (5 mg/mL), since they would require concentrations in the upper range, especially in case of nitrazepam. As a complexing agent, the α-CD has the lowest ability for dissolving the tested benzodiazepines, since it is necessary to use about 75% (w/w) for dissolveing 1 mg of diazepam, and about 90% (w/w) for dissolveing 1 mg nitrazepam/mL aqueous solution.
The Gibbs free energy of transfer ( ) values of ditr G Δ  azepam and nitrazepam from pure water to aqueous solutions with various concentrations of 2-HP-β-CD at 25˚C were calculated using the Equation (6) . The obtained values of Gibbs free energy of transfer (ΔG tr˚) of diazepam and nitrazepam from aqueous solution to the cavity of 2-HP-β-CD in the presence of excess amount of investigated drugs, at 25˚C, are shown in Table 9 .
The tr values provide information about whether the reaction condition is favorable or unfavorable for drug solubilization in the aqueous carrier solution. Negative Gibbs free energy of transfer values indicate favorable conditions. The ΔG tr˚ values were all negative for 2-HP-β-CD at various concentrations ( Table 9) (Table  10) were calculated from the values of K 1:1 (ΔG˚), using the values shown in Figures 10 and 11 (ΔH˚) , and Equations 8 (ΔH˚) and 9 (ΔS˚). 
Conclusions
The 
